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Abstract 

We previously established and characterized two insect cell lines (BmN-SWU1 and BmN-SWU2) from Bombyx mori ovaries. 
Here, we examined their differential susceptibilities to Bombyx mori nucleopolyhedrovirus (BmNPV) despite having 
originated from the same tissue source. BmN-SWU1 cells were susceptible and supported high titers of BmNPV replication, 
while BmN-SWU2 cells were resistant to BmNPV infection. Subcellular localization analysis demonstrated that very few 
BmNPV particles could be imported into BmN-SWU2 cells. However, initiation of BmNPV DNA replication but not 
amplification was detected in BmN-SWU2 cells after transfection with vA4 prm -VP39-EGFP bacmid DNA. BmNPV transcription 
assays showed that late and very late but not early viral genes apparently were blocked in BmNSWU2 cells by unknown 
mechanisms. Further syncytium formation assays demonstrated that the BmNPV envelope fusion protein GP64 could not 
mediate BmN-SWU2 host cell-cell membrane fusion. Taken together, these results indicate that these two cell lines 
represent optimal tools for investigating host-virus interactions and insect antiviral mechanisms. 
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Introduction 

The domesticated silkworm, Bombyx mori, is the lepidopteran 
model species and is an economically important insect used for silk 
production and proteinaceous drug expression [1,2,3]. However, 
Bombyx mori nucleopolyhedrovirus (BmNPV), as a natural viral 
pathogen for the silkworm, causes heavy larval mortality and 
enormous losses to the sericulture industry. Furthermore, no 
effective therapeutic means are available currently to control 
BmNPV infection. BmNPV belongs to the Baculoviridae family of 
rod-shaped enveloped viruses. During the baculovirus infection 
cycle, it produces two types of virions, budded viruses (BVs) and 
occlusion-derived viruses (ODVs). These two virion types contain 
identical genomic information and nucleocapsid structures but 
different viral envelopes, as they are produced at different stages of 
the virus life cycle. BVs are responsible for systematic infection 
within the silkworm, while ODVs mediate horizontal transmission 
between hosts [4,5]. 

Baculovirus BVs enter host cells via a receptor-dependent 
endocytosis pathway at approximately 1 h post-inoculation (p.i.) 
[6]. For the lepidopteran baculovirus, the major viral envelope 
protein GP64 mediates a low-pH-triggered membrane fusion 
event [7] . GP64 also is essential for viral attachment to host cells 
and budding of progeny BVs from the surface of infected cells [8]. 



The cellular receptor for baculovirus BV attachment has not yet 
been identified, although a prior study identified a GP64 
subdomain which is necessary for baculovirus-host receptor 
binding [9]. Other studies demonstrated that the pre-transmem- 
brane (PTM) domain, transmembrane (TM) domain and long 
cytoplasmic tail (CT) domain of the GP64 protein play critical 
roles in cellular receptor binding, membrane fusion, virus budding 
or infectivity [9,10,11]. In addition, three putative cholesterol 
recognition domains (CRAC) were identified in GP64, which are 
important for anchoring the virus at the mammalian cell 
membrane [12,13]. Therefore, surface cholesterol was hypothe- 
sized to be involved also in baculovirus binding to host insect cells. 

Upon entry into the cytosol of target cells, baculovirus 
nucleocapsids move intracellularly to their replication sites using 
actin-based mechanisms, which require the viral P78/83 capsid 
protein and the host Arp2/3 complex [14,15,16]. Subsequently, 
virus transcription and DNA replication occur in the nuclei of 
infected cells. Expression patterns of the baculovirus genes are 
divided into four phases: immediate early, delayed early, late and 
very late phases. Early phase genes are necessary for viral DNA 
replication and transcription of late genes. The AcMNPV DNA 
replication initiates 5 to 6 h p.i. and peaks at approximately 18 h 
p.i. [17]. Other baculoviruses show slower replication cycles than 
AcMNPV. Because host programmed suicide is an effective 
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antiviral strategy for virus-infected cells to significantly block virus 
replication, the baculovirus must shutoff this antivirus defense and 
manipulate the cellular machinery for viral gene transcription and 
genome replication [18,19,20]. 

Insect cell lines provide a platform for investigating baculovirus 
biology and a high expression system for extrinsic proteins. We 
previously established two cell lines from B. mori larval ovarian 
tissues, designated BmN-SWUl and BmN-SWU2 [21]. In the 
present study, we confirmed the tissue origin of these cell lines and 
compared their levels of susceptibilities to BmNPV infection. We 
also investigated the defective steps in the infectious cycle of the 
virus in BmNPV-resistant BmN-SWU2 cells. These cell lines not 
only are tools for investigating virus-host interaction, but also 
represent models for: (1) identification of the BmNPV receptor and 
(2) investigations of resistance mechanisms that can be manipu- 
lated to block BmNPV infection. 

Materials and Methods 

Silkworm cell lines and tissues 

Two ovarian cell lines BmN-SWUl and BmN-SWU2 were 
isolated from the ovarian tissue of 3 -day-old fourth instar B. mori 
larvae of the 21-872nlw strain. Briefly, B. mori primary ovarian 
cell cultures were explanted into a 25 cm 2 flask at 27°G with 2 ml 
TC-100 insect medium (USBiological, Swampscott, MA, USA) 
supplemented with 20% (vol/vol) heat-inactivated fetal bovine 
serum (FBS, GE Healthcare, Piscataway, NJ, USA). Subcultured 
cell lines were propagated at 27°C in TC-100 insect medium 
supplemented with 10% FBS. The BmE-SWUl cell line was 
derived from B. mori embryonic tissue and cultured in Grace's 
insect culture medium (GIBCO, Langley, OK, USA) supplement- 
ed with 10% FBS. Fresh ovarian tissues were obtained from 3-day- 
old fourth instar B. mori larvae of the 21-872nlw strain. 

Preparation of vA4 prm -VP39-EGFP BVs 

The recombinant BmNPV vA4 prm -VP39-EGFP construct 
containing an EGFP reporter gene fused at the C terminus of 
an inserted copy of the major viral capsid protein VP39 controlled 
by the silkworm actinA4 promoter was generated according to the 
manufacturer's instructions of the Bac-to-Bac Baculovirus Expres- 
sion System (Invitrogen, Carlsbad, CA, USA). To construct the 
donor plasmid pFFA-A4-VP39-EGFP, we first digested pFast- 
BacHTb with BamYiY and SnaEl to remove the polyhedrin gene 
promoter of AcMNPV. The resulting adhesive end was treated 
with Klenow polymerase. Self-ligation of the blunt fragment 
resulted in the plasmid pFFA. An EcoRI and Spel fragment 
containing the actinA4 promoter was amplified using the 
pA4LSV40 expression vector [22] as a template and inserted into 
EcoRl-Sall digested pFFA to produce pFFA-A4 prm . The vp39 
gene without a stop codon was PCR amplified from the BmNPV 
bacmid DNA, cleaved and subcloned into the Sail site of pFFA- 
A4 prm to generate the plasmid pFFA-A4 prm -VP39. The EGFP 
cassette was digested from the pEGFP-Nl plasmid (Clontech, 
Mountain View, GA, USA,) with Sail and Xbal and subcloned 
downstream of the vp39 gene of the plasmid pFFA-A4 prm -VP39 to 
generate pFFA-A4-VP39-EGFP. Subsequently, the donor plas- 
mids were transformed into BmDHlOBac competent cells. 
Transposition of inserts from donor plasmids to the BmNPV 
bacmid was confirmed by diagnostic PCR as described by the 
Invitrogen manual. Finally, 1 jig of vA4 prm -VP39-EGFP bacmid 
DNA was transfected into BmN-SWUl cells using X-tremeGENE 
HP (Roche, Basel, Switzerland). At 5 days post-transfection (p.t.), 
supernatants of recombinant BVs were selected, amplified and 
titered using a 50% tissue culture infectious dose (TCID 50 ) assay. 



Semi-quantitative RT-PCR (RT-PCR) 

Expression patterns of Bm-vasa and Bm-Integrin were analyzed 
by RT-PCR. The Bm-rpl3 gene encoding a silkworm ribosomal 
protein was used for normalization. RT-PCR was performed with 
primers for Bm-vasa (forward 5' AAATAGGGGAAAACGGG- 
GA 3' and reverse 5' C ATAC GGTC AGC C TC ATC C AG 3'); 
Bm-integrin (forward 5' CTGCTTTAGAATCCACACCC 3' and 
reverse 5' AC AGTGGC AAATAC C GC A 3'), Bm-rpl3 (forward 5' 
TCGTCATCGTGGTAAGGTCAA 3') and reverse (5' 
TTTGTATCCTTTGCCCTTGGT 3'). The PCR procedure 
was conducted as follows: 94°C for 4 min, followed by 30 cycles of 
94°C for 40 s, 55°C for 45 s, 72°C for 45 s, and 72°C for 10 min. 
The resulting PCR products were detected in a 1 % agarose gel. 

Virus susceptibility 

Susceptibility of ovarian cell lines to BmNPV infection was 
tested by exposure to vA4 prm -VP39-EGFP BVs for 1 h at a 
multiplicity of infection (MOI) of 2 or 20. Infected cells were 
washed three times with TC-100 insect medium. Thereafter, the 
cells were cultured with medium supplemented with 10% FBS. 
This time point was designated as 0 h p.i. At various times after 
BmNPV infection, viral infection rates were determined by 
counting fluorescent signals in five different fields of each of the 
two cell lines under a fluorescence microscope. The experiments 
were repeated three times, and standard deviations were 
calculated using Microsoft Excel. 

Imaging of virus localization in fixed silkworm cells 

BmN-SWUl and BmN-SWU2 cells were seeded on coverslips 
(Fisher Scientific, Waltham, MA, USA) in 24-well plates (Corning, 
Corning, NY, USA) and cultured at 27°C for 1 day before 
infection. Cells were inoculated with virus for 1 h as described 
above [23] and washed three times with medium. This time point 
was designated as time 0 h p.i. At 6 h p.i., the cells were fixed with 
4% paraformaldehyde in PBS for 10 min at room temperature 
and washed three times with PBS. Fixed cells were permeabilized 
in 0.1%Triton X-100 in PBS for 10 min and washed three times 
again with PBS. Cells were blocked with 10% normal goat serum 
in PBS for 1.5 h at 37°C, followed by incubation with a mouse 
monoclonal cx-EGFP antibody (1:200, Abeam, Cambridge, MA, 
USA) for 1 h at 37°C. After washing six times with PBS, cells were 
reacted with an AlexaFluor555-conjugated goat cx-mouse IgG 
antibody for 1 h, stained with 0.1 jig/ml DAPI (Sigma, St. Louis, 
MO, USA), and finally washed by six times in PBS. All cells were 
visualized with an Olympus BX21 fluorescence microscope 
(Olympus, Tokyo, Japan). 

DNA replication assay 

To analyze viral DNA replication, BmN-SWUl or BmN- 
SWU2 cells were transfected with 1 jig of recombinant vA4 prm - 
VP39-EGFP bacmid DNA. At selected time points (0, 12, 24, 48, 
72 and 96 h p.t.), the cells were washed three times with PBS and 
collected. Total DNA was prepared with the Wizard Genomic 
DNA Purification Kit (Promega, Madison, WI, MA, USA) 
according to the manual's protocol. Prior to PCR, 1 jig of total 
DNA from each time point was digested with 1 jil Dpnl at 37°C 
for 4 h to eliminate input methylated bacmid DNA. The BmNPV 
GP41 gene was used to detect viral DNA abundance. The 
silkworm GAPDH gene was used for normalization. Sequences of 
primers used were as follows: GP41 forward 5'-CGTAGTAG- 
TAGTAATCGCCGC-3 ' and reverse 5' -AGTC GAGTC GC G- 
TCGCT TT-3'); GAPDH forward 5'-CATTCCGCGTCC- 
CTGTTGCTAAT-3 ' and reverse 5'-GCTGCCTCCTTGAC- 
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CTTTTGC-3'. Quantitative real-time PCR (Q;PCR) was 
performed using an ABI PRISM 7000 sequence detection system 
(Applied Biosystems, Carlsbad, CA, USA). Amplification was 
carried out in a 15 jil reaction mixture containing 20 ng of DNA 
sample, 0.5 raM of each primer and 1 x SYBR Premix Ex Taq 
(TaKaRa, Dalian, China) in each well of a 96-well plate. The 
reaction conditions were 94° C for 4 min, followed by 40 cycles at 
95°C for 10 s, 60°C for 20 s, 72°C for 45 s, and 72°C for 10 min. 
Each assay was repeated three times. The results were normalized 
to copies of the GAPDH gene DNA. Student's £-test was used to 
evaluate statistical significance (P<0.01). 

Reverse transcription quantitative PCR (RT-qPCR) 

Total RNA from each sample was extracted at selected time 
points as previously described. Genomic DNA was removed using 
RQJ RNase-Free DNase (Promega). Reverse transcription was 
carried out using MLV-RT (Promega). The silkworm housekeep- 
ing gene sw22934 was used as an internal control. RT-qPCR was 
performed using the StepOne PlusTM Real-time System (Applied 
Biosystems). Ampfication was carried out in a 15 jil reaction 
mixture containing 1 jil of cDNA, 0.5 mM of each primer and 
2 x SYBR Select Master Mix (Life Technology, Carlsbad, CA, 
USA) in each well of a 96-well plate. The reaction procedure was 
94°C 10 s, followed by 40 cycles at 95°C for 5 s and 60°C for 40 s. 
To confirm specific amplification, melting curve analysis was 
performed. Each expression assay was repeated three times. 
Student's £-test was used to evaluate statistical significance (P< 
0.01). Sequences for primers used were as follows: ie-1 forward 5' 
TACTTGGACGATTCACAAAG 3' and reverse 5' GTGCA- 
AATGTTC GTGTTGTG 3'; vp39 forward 5' ACTTTTCAT- 
GATGTCACTGC3' and reverse 5' AGTACTTGCAAATCGA- 
CACG 3'; plO forward 5' GAC AC GAATTTTAGAC GC C ATT 
3' and reverse 5' CGATTCTTCCAGCCCGTTT 3'; sw22934 
forward 5' TTCGTACTGGCTCTTCTCGT 3' and reverse 5' 
CAAAGTTGATAGCAATTCCCT 3'. 

Western blotting 

At 48 h post-transfection (p.t.), cells were washed twice with 
PBS and lysed with 100 jil protein lysis buffer (Beyotime, 
Shanghai, China) containing 1% PMSF protease inhibitors 
(Beyotime). After 30 min on ice, lysates were centrifuged at 12 
000 xg for 15 min and the supernatants were collected. The 
concentration of proteins in the supernatant was then measured 
using a BCA Protein Assay Kit (Beyotime). Approximately 25 jig 
of total proteins were resolved by 12% SDS-PAGE and analyzed 
by immunoblotting by using mouse monoclonal 0C-GP64 antibody 
(1:2000, Abeam), mouse monoclonal cx-EGFP antibody (1:2000, 
Abeam) and mouse monoclonal cx-tubulin antibody (1:2000, 
Beyotime). The horseradish peroxidase-conjugated goat cx-mouse 
IgG (1:20000, Beyotime) was used as the secondary antibody. 
Protein bands were visualized using the Lumi-Light PLUS 
Western Blotting Kit (Roche) and a Chemiluminescence Imaging 
System (Clinx Science Instruments, Shanghai, China). 

Syncytium formation assay 

To generate transient expression vectors, a fragment of the 
BmNPV GP64 gene with flanking EcoKl and Spel sites was 
amplified using BmNPV genomic DNA as a template and inserted 
into an EcoKl-Xbal digested pIZT/V5 plasmid (Invitrogen). The 
resulting GP64 expression vector containing the EGFP gene was 
named pIZT-GP64. The pIZT/V5 vector is a dual expression 
system (Invitrogen) which is used to express one gene of interest 
and a GFP-fused Zeocin antibiotic resistance gene. Both 
expression cassettes are under control of the constitutive OpIE2 



promoter. After transfection into insect cells, pIZT-GP64 
expressed both GP64 protein and GFP fluorescent protein. Thus, 
the green florescence was used to monitor GP64-expressing cells. 
Syncytium formation assays were performed by transfection with 
1 jig of the pIZT-GP64 plasmid into BmN-SWUl or BmN-SWUl 
cells. At 48 h p.t., cells were washed twice with 1 ml TC-100 
medium (pH 6.19) and treated for 10 min with acidified TC-100 
medium (pH 4.50). The acidic medium was removed and replaced 
with 2 ml of normal TC-100 medium (pH 6.19) with 10% FBS. 
Syncytium was examined 12 h later by indirect immunofluores- 
cence with primary antibodies CX-GP64 and cx-EGFP. Nuclei were 
stained with DAPI (blue). 

Results 

Identification of silkworm ovarian cell lines 

We established the ovarian cell line BmN-SWUl in our 
previous study [21]. Another novel cell line, BmN-SWU2, was 
obtained from the primary culture of the same tissue source. These 
two cell lines showed different morphological characteristics. The 
BmN-SWU 1 cell line mainly appeared as elliptical and spindle-like 
cells (passage >500), while the BmN-SWU2 contained a large 
number of long needle-shaped cells in addition to round cells 
(Figure 1A). Population doubling times of BmN-SWUl and BmN- 
SWU2 cells were approximately 60 h and 96 h, respectively. The 
expression patterns of Bm-inte grin and Bm-vasa were analyzed to 
confirm the origin of these ovarian cell lines. The results showed 
that Bm-integrin was specifically expressed in hemocytes and at a 
low level in the embryo cell line BmE-SWUl. Bm-vasa mRNA 
was detected not only in B. mori ovarian tissue, BmE-SWUl 
embryonic cells, but also in BmN-SWUl and BmN-SWU2 
ovarian cells. By contrast, Bm-integrin was not expressed in any 
of the cell lines or the ovarian tissue (Figure IB). These results 
indicated that BmN-SWUl and BmN-SWU2 were both derived 
from a silkworm ovarian tissue and not from contaminating 
hemocytes. 

Susceptibility of ovarian cell lines to BmNPV infection 

Here, to our surprise, very different responses were displayed 
between BmN-SWUl and BmN-SWU2 cells when exposed to 
BmNPV. The BmN-SWUl cell line showed typical cytopatho- 
genic effects (CPE) of BmNPV infection, such as uniform rounding 
and distinctly enlarged nuclei. However, no obvious characteristics 
of infection were observed in BmN-SWU2 cells. The infection 
efficiencies of BmNPV in the two cell lines were quantified using 
the recombinant vA4 prm -VP39-EGFP containing an EGFP 
reporter gene (Figure 2A). EGFP-positive cells were counted 
under a fluorescence microscope at various time points, and data 
were reported as a percentage of EGFP-expressing cells. The 
results showed massive replication of BmNPV in BmN-SWUl 
cells, while few BmN-SWU2 cells exhibited EGFP expression 
(Figure 2B). As shown by quantitative analysis, EGFP expression 
in the BmN-SWUl cell line inoculated with BmNPV (MOI = 20) 
was detected at 24 h p.i., when approximately 19.3% of the cells 
were positive. A significant increase in EGFP expression was 
observed at 48 h p.i., and the maximum level of approximately 
97.8% was reached at 72 h p.i. By contrast, few BmNPV- 
inoculated BmN-SWU2 cells expressed EGFP at 24 h p.i., and the 
infection efficiency was only 0.08%. At 48 and 72 h p.i., the rates 
of EGFP-positive cells increased only slightly up to 0.17% and 
0.26% in virus-exposed BmN-SWU2 cells, respectively (Figure 2B 
and 2C). Western blotting also revealed a minimal or undetectable 
level of EGFP expression in BmNPV-inoculated BmN-SWU2 cells 
compared with BmN-SWUl cells. Thus, BmN-SWU2 was 
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Figure 1. Characterization of BmN-SWUI and BmN-SWU2 
ovarian cell lines. (A) Observation of BmN-SWUI and BmN-SWU2 
cell lines established from larval ovaries of B.mori under a phase 
contrast microscope. (B) Semi-quantitative RT-PCR to detect gene 
expression patterns in tissues and subcultured cell lines. He, hemocytes; 
BmE, BmE-SWUI (silkworm embryonic cell line); Ov, ovary; BmNl, BmN- 
SWUI; BmN2, BmN-SWU2. 
doi:1 0.1 371 /journal.pone.01 05986.g001 

determined to be a BmNPV-nonpermissive cell line and a suitable 
cell model for silkworm anti-BmNPV research. 

Visualization of virus entry into BmN-SWUI and 
BmN-SWU2 cells 

Whether BmNPV particles could be imported into the BmN- 
SWU2 cell line was examined with the objective of identifying the 
step in which the infection process is impaired in those cells. 
Recombinant vA4 prm -VP39-EGFP BVs were adsorbed to BmN- 
SWUI or BmN-SWU2 cells and incubated for 6 h at 27°C. After 
fixing the cells, virions were tracked by detecting VP39-EGFP 
fusion protein signals via indirect immunofluorescence could 
amplify the target viral signals. As expected, strong viral particles 
were detected in the cytoplasm and nucleus of BmNPV-infected 
BmN-SWUI cells, and gathered at the periphery of the nuclear 
membrane. By contrast, no viral capsid signals were observed in 
BmNPV-inoculated BmN-SWU2 cells (Figure 3). These results 
indicate that the entry of BmNPV BVs was inhibited by yet 
unknown mechanisms after inoculation of BmN-SWU2 cells. 

Analysis of viral DNA replication and viral gene 
transcription 

Upon release of the nucleocapsid into the host nucleus, the 
baculovirus genomic DNA begins replication, and inhibition of 
viral DNA synthesis can reduce yields of BVs by more than 1,000- 
fold [24]. Although few BmNPV particles could infect BmN- 
SWU2 cells in this study, learning whether the viral DNA could 
replicate normally upon successful entry was a point of interest. 
Hence, Q-PCR was used to monitor viral DNA replication of 
BmNPV in BmN-SWUI and BmN-SWU2 cells after transfection 
with viral bacmid DNA (Figure 4A). At 0 h p.t., very little viral 



DNA was detected in either transfected cell line, indicating equal 
amounts of input DNA. At 24 h p.t., the onset of viral DNA 
replication was detected in both the susceptible BmN-SWUI cells 
and the resistant BmN-SWU2 cells, with a relative DNA 
abundance of 80.82 and 76.37 fold respectively. From 24 to 
96 h p.t., a substantial and steady increase of viral DNA 
replication was found in BmN-SWUI cells. By contrast, no 
significant increase of viral DNA was observed in the transfected 
BmN-SWU2 cells. This result indicated that BmNPV bacmid 
DNA could initiate replication normally in the BmN-SWU2 cells 
after transfection. In other words, if BmNPV was imported into 
the cell membrane of BmN-SWU2 cells, initiation of viral DNA 
replication would occur normally as it would in BmNPV- 
susceptible cells. Based on the temporal expression of the viral 
genes, the infection cycle can be subdivided into three major 
phases: early, late, and very late. Some of the early genes encode 
products necessary for DNA replication and late gene expression. 
To determine BmNPV gene expression in BmN-SWU2 cells, we 
investigated the transcription of early gene ie-1, late gene vp39 
and very late gene polh in BmN-SWUI and BmN-SWU2 cells 
after transfection with viral bacmid DNA. The results showed that 
the transcription of the ie-1 early gene did not differ significantly in 
the two cell lines at 24 h p.t. but the its transcription level in BmN- 
SWUI cells were higher than that in BmN-SWU2 cells at 48 h p.t. 
Moreover, late and very late viral genes were expressed in the 
BmN-SWUI cell lines, but not in the resistant BmN-SWU2 cell 
line (Figure 4B). All these results indicated that BmN-SWU2 cells 
could support transcription of viral early genes and viral DNA 
replication, but not transcription of late and very late viral genes. 

Membrane fusion analysis 

Because the viral-cell membrane interaction is a key step prior 
to the import of BmNPV into the cytoplasm of the host cell, it is 
possible that a defect in this process contributes to a block in the 
transport of BVs into BmN-SWU2 cells. GP64 is an important 
envelope protein that interacts with the host receptor and triggers 
viral envelope fusion with the host cellular plasma membrane in an 
acidic environment. In the current study, we conducted syncytium 
formation assays to investigate whether GP64 could mediate virus- 
host interaction in BmN-SWU2 cells. As described in Materials 
and methods, the GP64 expression plasmid was constructed and 
confirmed by Western blot analysis. Using (X-GP64 antibody, a 
band corresponding to the predicted molecular size of BmNPV 
GP64 (60.6 KDa) was detected in BmN-SWUI or BmN-SWU2 
cells transfected with pIZT-GP64 (Figure 5A, lanes 2 and 3), but 
not in BmN-SWUI cells transfected with the pIZT/V5 control 
plasmid. Subsequently, cells transfected with the pIZT-GP64 
plasmid were exposed to low pH and observed under a light 
microscope. Multinuclear cells were observed in BmN-SWUI cells 
transfected with pIZT-GP64, demonstrating that GP64 could 
cause cell-cell membrane fusion in a low-pH environment in this 
cell line (Figure 5B). However, cell-to-cell fusion was not observed 
in low-pH treated BmN-SWU2 cells transfected with the pIZT- 
GP64 plasmid, demonstrating that GP64 could not induce 
intercellular membrane fusion of these cells (Figure 5B). These 
results suggest that the abortive replication of BmNPV in BmN- 
SWU2 cells is mainly due to a disruption of the direct interaction 
of viral GP64 with the host membrane. 

Discussion 

The ovary of B. mori is known to be a susceptible tissue to 
BmNPV infection [25]. However, two B. mori cell lines in this 
study, BmN-SWUI and BmN-SWU2, which were isolated from 
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Figure 2. Comparison of susceptibilities of BmN-SWUl and BmN-SWU2 ovarian cell lines to BmNPV infection. (A) Schematic diagram 
illustrating construction of donor plasmids and generation of recombinant BmNPV vA4 prm -VP39-EGFP, which contains the EGFP fluorescence marker 
gene driven by the silkworm actinA4 promoter. (B) Fluorescence microscopy showing the progression of infection in both cells lines infected with 
vA4 rpm -VP39-EGFP (MOI = 2 or 20) at 24, 48 and 72 h p.i. (C) BmNPV infection efficiencies (EGFP positive, EGFP+) in BmN-SWUl and BmN-SWU2 cells 
were determined by counting fluorescent cells in five different fields of view. Three independent experiments were carried out with three replicates 
each. Data are presented as means ± SD (n = 3). Statistically significant differences: **P<0.01. (D) Western blot analysis of silkworm ovarian cells lysed 
at indicated times after vA4 rpm -VP39-EGFP infection (MOI = 20) using an oc-EGFP antibody. 
doi:1 0.1 371 /journal.pone.01 05986.g002 



the same ovarian tissue source, demonstrated surprisingly very 
different responses when inoculated with recombinant BmNPV. 



DAPI VP39 DAPI/VP39 




Figure 3. Detection of baculovirus entry into silkworm ovarian 
cells. Localizations of virions in infected BmN-SWUl and BmN-SWU2 
cells were detected by indirect immunofluorescence at 6 h p.i. VP39- 
EGFP was detected using a mouse oc-EGFP monoclonal antibody and 
AlexaFluor555-conjugated goat oc-mouse IgG antibody (red). Nuclei 
were stained with DAPI (blue). The merged image was generated using 
SPOT Advance software. 
doi:1 0.1 371 /journal.pone.01 05986.g003 



BmN-SWUl cells apparently were susceptible to BmNPV 
infection. However, BmNPV-inoculated BmN-SWU2 cells 
showed no obvious characteristics of infection (Figure 2). To our 
knowledge, the current study is the first to report an ovary-derived 
cell line which is resistant to BmNPV infection. BmNPV has 
previously shown distinct tissue or cell tropism (i.e., BmNPV 
replicating poorly in the anterior silkglands, midgut, Malpighian 
tubule, salivary glands and plasmatocytes) [4,26,27]. In this study, 
expression patterns of several genes were analyzed to identify the 
ovarian cell lines. Because Bm-integrin is expressed in hemocytes 
and not in other tissues, it is considered to be one of the most 
reliable molecular markers of hemocytes. The current results 
showed that Bm-integrin was not expressed in either BmN-SWUl 
or BmN-SWU2 cells, indicating that these two cell lines were not 
derived from hemocytes. VASA is considered to be one of the key 
regulatory protein factors of insect germ cells and a marker of 
germ cells [28] . The fact that Bm-vasa was detected in the BmE- 
SWU1 embryonic cells, as well as in the BmN-SWUl and BmN- 
SWU2 cell lines, but not in hemocytes, confirmed that the latter 
two cell lines were derived from ovarian cells and not from 
contaminating hemocytes. 
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Figure 4. Viral DNA replication and gene transcription in cells transfected with vA4 prm -VP39-EGFP bacmid DNA. (A) Total cellular DNA 
was extracted from BmN-SWUl and BmN-SWU2 cells at indicated times after vA4 prm -VP39-EGFP viral DNA transfection and analyzed by Q-PCR using 
GP41 DNA primers as described in methods. Relative BmNPV genomic copy numbers were calculated using B. mori GADPH DNA as an internal 
control. Results are mean values of samples from each time point tested in triplicate. NS, not significant. Statistically significant differences: *P<0.05. 
(B) RT-qPCR analysis of viral gene transcription levels after vA4 prm -VP39-EGFP viral DNA transfection. a, Variation of early gene ie-1 transcription levels 
in transfected ovarian cell lines over time, b, The variation of late gene vp39 transcription level in transfected ovarian cell lines over time, c, Variation 
of very late gene p10 transcription levels in transfected ovarian cell lines over time. Values are expressed as the mean ± SEM. Similar results were 
obtained in three independent experiments. Ctrl, negative control (without reverse transcription). NS, not significant. Statistically differences: *P< 
0.05. 

doi:1 0.1 371 /journal. pone.01 05986.g004 



To determine the possible steps at which BmNPV replication 
was blocked in BmN-SWU2 cells, we first analyzed the subcellular 
localization of virus particles in both ovarian cell lines. Our results 
revealed a major defect in the steps during the entry of BmNPV 
(Figure 3). Baculovirus entry into host cells is typically initiated by 
an interaction between the viral envelope glycoprotein GP64 and 
a host cell receptor [6,9,29]. GP64 then mediates the low-pH- 
triggered membrane fusion activity necessary for release of the 
nucleocapsids into the cytosol during entry by endocytosis [29]. 
Hence, analysis of the syncytium formation induced by expressing 
GP64 from a plasmid is an effective approach to investigating 
virus-host interaction and uncovering the nature of cellular factors 
required for the fusion. In the current study, we conducted the 
syncytium formation assay by transfecting cells with the pIZT- 
GP64 plasmid. After expression, GP64 molecules were transported 
to the surface of the plasma membrane where they could cause the 
host cell plasma membrane to fuse with neighboring cells and form 
multinuclear syncytia in the low-pH condition. Cell-to-cell fusion 
was observed in the BmNPV permissive BmN-SWU 1 cell line, but 
not in the nonpermissive BmN-SWU2 cells (Figure 5B). This result 
suggests that the block in entry of BmNPV into BmN-SWU2 cells 
is mainly due to a defective interaction with the host plasma 
membrane. Because the defect in interaction could be in the 
binding or membrane fusion process, further research is needed to 
determine the exact step at which BmNPV entry is blocked in 



these cells and investigate cell surface molecules which are 
necessary for BmNPV-host interaction. 

To investigate other steps affecting BmNPV pathogenicity to 
BmN-SWU2 cells, we subsequently analyzed viral DNA replica- 
tion and viral gene transcription in BmN-SWUl and BmN-SWU2 
cells by a transfection method. The results showed a defect in the 
transcription of viral late genes in BmN-SWU2 cells, but normal 
transcription of early genes (Figure 4B). Baculovirus early genes 
are transcribed by the host RNA polymerase II and late and very 
late genes are transcribed by a virus-specific RNA polymerase 
which is composed of four subunits, LEF-4, LEF-8, LEF-9, and 
p47 [30]. Early gene products are necessary for viral DNA 
replication, while transcription of late and very late genes depend 
on DNA replication and viral transactivators. Baculovirus DNA 
replication can be described as a process of two stages, initiation 
and amplification. Q;PCR results demonstrated that BmNPV 
genome DNA could initiate replication, but it did not amplify 
significantly in transfected BmN-SWU2 cells (Figure 4A). A 
previous study revealed that, without amplification, initiation of 
viral DNA replication is not sufficient to support transcription of 
baculovirus late and very late genes [3 1] . All results above suggest 
that a host restriction factor may inhibit baculovirus DNA 
replication amplification, followed by blocking late genes tran- 
scription in BmN-SWU2 cells. In the future studies, we will 
perform a genome-wide high-content RNAi screen in BmN- 
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Figure 5. Detection of GP64 expression and fusogenicity. (A) Western blot analysis of GP64 expression in cells transfected with 1 jag of the 
plZT-GP64 plasmid or a control plZT/V5 plasmid. At 48 h p.t, proteins were separated by SDS-PAGE. The blots were probed with oc-GP64 antibody or 
oc-tubulin antibody. M: protein marker; lane 1, BmN-SWU1 cells transfected with 1 jag plZT/V5 plasmid; Iane2, BmN-SWU1 cells transfected with 1 jag 
plZT-GP64 plasmid; Iane3, BmN-SWU2 cells transfected with 1 jag plZT-GP64 plasmid. (B) Syncytium formation assay of BmN-SWUI or BmN-SWU2 
cells transfected with 1 jag plZ-GP64 plasmid. At 48 h p.t., cells were incubated in TC-100 medium at a normal (6.19) or low (4.8) pH level for 10 min. 
Syncytium formation was examined 12 h later by detecting GP64 and EGFP using indirect immunofluorescence microscopy. Nuclei were stained with 
DAPI (blue). 

doi:1 0.1 371 /journal. pone.01 05986.g005 



SWU1 cells as a systematic approach to identify such cellular 
factors that may potentially limit BmNPV replication. 

In conclusion, we characterized two insect cell lines (BmN- 
SWUI and BmN-SWU2) from B. mori ovaries, which showed 
differential responses to BmNPV infection. Our results indicated 
that abortive replication of BmNPV in BmN-SWU2 ovarian cells 
was due to defects in BmNPV-host interaction and viral entry 
process. In addition, amplification after initiation of viral DNA 
replication and late gene transcription was also blocked in BmN- 
SWU2 cells. Thus, these two ovarian cell lines are ideal tools for 
identifying the BmNPV receptor protein in the host and 
investigating insect antiviral mechanisms. In addition, they may 
provide an excellent platform for studying resistance mechanisms 
of insects against baculovirus-based insecticides. 
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